Mu dX(lac) insertion mutants of Escherichia coli CSH50 in which the expression of the lacZ gene was sensitive to the presence of exogenous 1-thioglycerol or dithiothreitol were isolated. Both stimulatory and inhibitory mutants were found. The existence of several thiol-sensitive promoters suggests that exogenous thiols may provoke global stress responses in E. coli.
Low-molecular-weight water-soluble thiols, supplied exogenously, profoundly affect both procaryotic and eucaryotic organisms. Mercaptoethanol blocks the growth of Escherichia coli and yeasts (10) and also inhibits mitosis of sea urchin eggs (4). 1-Thioglycerol blocks sea urchin egg mitosis (9) and arrests the proliferation of gram-positive and gramnegative bacteria (8) .
There are no reports of systematic studies on the effect of thiols on either procaryotic or eucaryotic cells. It is possible that investigation of this problem has not attracted attention because it is assumed that contact between cells and thiols will lead, by a simple mechanism, to growth inhibition and cell death. At high enough concentrations, thiols do indeed reduce every available disulfide bond in the cell, inactivating hundreds of different types of proteins. However, if the concentration of exogenous thiol is such that it merely augments internal free-thiol levels by a factor of 2 or 3 at most (i.e., thiols in the range of 2 to 90 mM), instead of killing or completely inhibiting growth of the organism, a mere slow-down of growth may result (5) . It was shown that under these conditions, two physiologically distinct processes were affected by 1-thioglycerol in E. coli: the metabolism of S-adenosylmethionine (5) and aerobic respiration (6) . Thus, growth inhibition by 1-thioglycerol in the 2 to 90 mM range could be reversed completely by exogenous methionine and anaerobiosis (6) .
The growth patterns of aerobically growing E. coli cultures treated with 2 to 90 mM 1-thioglycerol had a curious feature: with increasing amounts of thiols, the cells could achieve fewer cell divisions, and final turbidities of these cultures were successively lower (5). One possible explanation of this phenomenon was that, in addition to affecting the two physiological processes mentioned, thiols also caused subtle intracellular changes, the results of which were seen only after several generations.
Clear evidence that thiols affected other physiological processes was their stimulation of E. coli to synthesize and secrete increased amounts of riboflavin and porphyrins (7) . These secretions could be circumvented by adding chloramphenicol to cells along with thiols (7 insertion mutants were grown at 30°C on L-agar plates which contained 25 ,ug of ampicillin per ml. Colonies were replica plated onto two kinds of minimal medium (3), both supplemented with thiamine, proline, ampicillin, glucose, and 5-bromo-4-chloro-3-indolyl-f3-D-galactopyranoside, but one also had 70 mM 1-thioglycerol. Thiol-free plates were incubated for 2 days at 30°C, and plates with thiol were kept at 37°C for 4 days. Higher temperature and longer incubation were needed to compensate for the decrease in growth rate of E. coli in the presence of 1-thioglycerol (5) .
From approximately 5,000 insertion mutants, 179 isolates were collected on the basis of differences in their color production relative to other colonies on the same plate. Preliminary examination of these colonies showed that they fell into three categories.
Eighteen strains showed a marked increase in P-galactosidase activity in the presence of 1-thioglycerol. In 31 strains, the presence of this thiol suppressed enzyme activity. The remaining 130 strains did not show marked changes in enzyme activity in the presence of 1-thioglycerol.
Twenty mutants were tested further for their 3-galactosidase activities in the presence of 20 mM 1-thioglycerol (a monothiol) or 10 mM dithiothreitol (a dithiol). Cells were grown with aeration at 30°C in 5 ml of minimal salts medium (3) supplemented with 0.3% (wt/vol) glucose and 50 ,ug of each of the following DL (except for glycine) amino acids per ml: alanine, arginine, aspartic acid, cystine, glutamic acid, glycine, histidine, isoleucine, leucine, lysine, norleucine, norvaline, phenylalanine, proline, seine, threonine, tryptophan, tyrosine, and valine. Overnight cultures were diluted iO-fold and incubated for 1 h before thiol 1-thioglycerol (20 mM) or dithiothreitol (10 mM) was added. Cells were treated for 3 h with thiol before being assayed for ,-galactosidase. Portions of each culture (0.5 ml each) were assayed for ,B-galactosidase levels by the method of Miller (11) . Six mutants responded to one or both of these thiols during logarithmic growth (Table 1) , for which we defined the minimum response as an increase or a drop in ,-galactosidase activity by approximately a factor of 2. Five of these promoters were clearly inhibited by dithiothreitol, and one was stimulated by both thiols.
Strains LLU38 and LLU102 showed stimulatory and inhibitory responses, respectively, to thiols during logarithmic growth (Fig. 1) . In both strains, promoter expression continued to increase during almost 3 h of logarithmic growth in the absence of thiol and then leveled off and slowly declined in stationary phase. Apparently these promoters were continually adjusting to increased cell numbers. Stimulatory or inhibitory effects of thiol treatment on promoter activity could be seen within an hour, without any appreciable lag period.
Fourteen other insertion mutants showed significant responses to one or both of these thiols in stationary phase (Table 2 ). Cells were treated as described above, except that the length of treatment with thiols was 14 to 18 h. While the predominant change in log-phase responders was inhibition, stationary-phase responders primarily showed stimulation. Stationary-phase growth conditions were a necessary prerequlisite to significant changes in promoter activity, as only small changes were seen during logarithmic growth in these strains (results not shown). This type of response is similar to previously observed stationary-phase-specific responses to thiols by E. coli; the addition of 20 mM 1-thioglycerol to logarithmically growing cultures provoked porphyrin, riboflavin, and yellow pigment secretion only in the stationary phase. However, when 1-thioglycerol was added to washed cells already in stationary phase, these secretions began within a short time (7; unpublished observations). ,-Galactosidase levels (per optical density unit at 600 nm) during logarithmic-and early-stationary-phase growth, in the presence or absence of 20 mM 1-thioglycerol (TG). Overnight cultures of strains LLU38 and LLU102 were diluted 10-fold into two kinds of growth medium. The compositions of these solutions are described in the text, except that one contained 20 mM 1-thioglycerol. The logarithmic growth phase was extended to the first 3 h. Samnpling was hourly in duplicates, and 3-galactosidase assays were done as described previously (11) . Experimental points on the graph represent averages. b Average of thiol-treated culture/average of untreated culture.
The two thiols, 1-thioglycerol and dithiothreitol, elicited qualitatively similar but quantitatively different responses. This suggested that thiol-sensitive promoters were responsive to differences in the redox potentials of these thiols.
An important question was whether these thiol-responsive promoters were also sensitive to other environmental changes. Thiol treatment could cause at least partial anaerobiosis, as thiols are inhibitors of aerobic respiration (6) . Therefore, we measured promoter expression in anaerobically growing insertion mutants following both logarithmicand stationary-phase growth. Cells were treated as described for Table 1 , except that instead of thiols being added, cultures were flushed with a gas mnixture containing 95% N2-5% CO2 and incubated without shaking for 3 h (logarithnmicgrowth-phase cells) or 14 to 18 h (stationary-phase cells). Some growth inhibitors are known to trigger the heat shock response genes (15) also. To test whether any of thege thiol-responsive promoters were activated by heat shock, all insertion mutants were subjected to a 30-min pulse of elevated temperature. Cultures were grown logarithmically at 23°C and then shifted to 45°C for 30 min, followed by 1 h of growth at 23°C. The changes in enzyme levels caused by these treatments were compared with the previous results (Table 3) .
With the exception of strain LLU102, anaerobiosis did not significantly affect the activities of logarithmic-phase-responding promoters. In contrast, all but one of the stationary-phase responders were affected by anaerobiosis in a manner qualitatively similar to the effects produced by thiols. The magnitude of responses to anaerobiosis was intermediate between that of responses to thioglycerol and dithiothreitol. It is not known whether any of these insertion mutants are related to previously reported fusion mutants, which are responsive to anaerobiosis (13, 17) . Heat shock did not activate any of the promoters; rather, it resulted in a decline in enzyme activity in every strain.
Certain thiols, such as cysteine, are known to generate low levels of hydrogen peroxide in aqueous solution (12) . We exposed E. coli LLU38 to 440 ,uM H202 and tested the level of P-galactosidase hourly for 6 h and also after 12 h of exposure. Neither elevation nor inhibition of promoter expression was detected during this treatmerit (results not shown). Therefore, the responding promoter in strain LLU38 was insensitive to oxidative stress. The majority of logarithmic-phase-responding promoters reported in this study have been found sensitive only to thiols, and those stationary-phase-responding promoters which were sensitive to both thiols and anaerobiosis gave a stronger response to thiols than to anaerobiosis. Not unlike promoters responsive to phosphate starvation (16), aerobiosis (14) , anaerobiosis (13, 17) , or amino acid deprivation (2), the promoters we studied showed both stimulatory and inhibitory responses to exposure to exogenous thiols.
Thiols may influence promoter expression in several ways. They may increase the intracellular NADH/NAD+ ratio, which in turn could trigger redox-potential-sensitive promoters. Thiols could directly reduce disulfide bonds of selected DNA-binding proteins, thereby altering their activities. Numerous other suggestions could be made, as the actual mechanism of thiol-promoter interaction remains to be elucidated.
How many thiol-responsive promoters are in E. coli? Although Mu dX(lac) operon fusions of the many essential genes of the cell are nonviable, the relative ease with which we were able to find numerous independent thiol-sensitive Mu inserts suggests that there may be many. Indeed, preliminary results of two-dimensional gel electrophoresis of cell extracts from thioglycerol-treated cells indicate a large number of changes (more than 100), some positive and some negative, in protein synthesis (results not shown).
The existence of several thiol-responsive promoters in E. coli suggests that thiols may evoke a global stress response in this organism. This type of stress, a reductive stress, may partially overlap some of the anaerobic global responses. The extent of reductive stress response and its relation to other stress responses will be determined by comparing the two-dimensional gel electrophoretic patterns of proteins made during exposure to thiols with those of proteins synthesized during other stresses.
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